The changes in the mechanical properties on the inside and outside of the bend of Cu0.3 mass% Sn wire specimens deformed by rotary draw bending were clarified, and the correlation between the changes in the misorientation of substructures and in the mechanical properties was systematically investigated. The specimens were each divided into two parts, i.e., the inside and outside of the bend, and their mechanical properties and microstructure evolution were measured by performing tensile tests. From the results, it was found that the ultimate tensile strength and 0.1% proof stress on the inside of the bend decreased markedly and that the total elongation was improved upon rotary draw bending. Although the tensile strength on the inside of the bend decreased, the change in grain size was very small. If rotary draw bending is performed on a wire specimen, it is considered that the dislocations generated by the tensile stress field are relaxed by the reversed stress induced during such bending.
Introduction
It has recently been shown that severe plastic deformation (SPD) processes are effective for manufacturing ultrafinegrain (UFG) microstructures with mean grain sizes of less than 1 µm, as reviewed by Azushima et al. 1) Various SPD processes, such as accumulative roll bonding (ARB), 25) equal-channel angular processing (ECAP), 6, 7) and highpressure torsion (HPT), 8, 9) have been proposed for ultra grain refinement. These processes can be used to produce UFG bulk materials. On the other hand, deep wire drawing can also be used to produce a large cumulative strain in metallic materials. 10) Negroni et al. used copper and copper alloy as test materials for wire drawing and investigated the changes in various mechanical properties at a large strain with up to 99% reduction in area. 11) Hanazaki et al. 10) clarified that wire drawing can be used as an SPD process and that the substructure of a wire specimen deformed by wire drawing consists of lamellae with dislocation substructures inside grains. Therefore, wire drawing is promising for fabricating high-strength and high-conductivity copper wires by a strengthening mechanism based on grain refinement. The above studies have shown that wire drawing can be applied to the practical mass production of copper wires. Although the mechanism of strength improvement in UFG materials fabricated by wire drawing has been gradually clarified, that of ductility improvement remains unclear.
In our previous studies, a continuous bending-drawing (CBD) method entailing wire drawing and draw bending was proposed to improve the ductility of a wire-drawn specimen. 12, 13) Note that the tensile ductility of a wire-drawn specimen recovers after draw bending. Also, it was found that, during draw bending, the hardness of a wire-drawn specimen is lower than that of a specimen subjected to wire drawing, particularly on the inside of the bend. 14) However, the effect of the change in the microstructure of a wire-drawn specimen on the mechanical characteristics of a material subjected to draw bending has not yet been clarified. To clarify the relationship between the mechanical properties and microstructure of the CBD specimens, microstructures including dislocation substructures and texture should be investigated quantitatively. In this study, we separately investigated the changes in the mechanical properties on the inside and outside of a bend of a wire processed by CBD process to determine the cross-sectional distribution of the mechanical properties. Then, the relationship between the changes in the misorientation of substructures and in the mechanical properties is discussed.
Experimental

CBD process and materials
A dilute CuSn alloy was used in this investigation. Table 1 shows the chemical composition of the alloy. As shown in the table, the alloy contained only a small amount of Sn as the alloying element, so as not to reduce the electric conductivity of the wire. Figure 1 shows a schematic illustration of the CBD process used in this investigation. An initial rod of the CuSn alloy with a mean grain size of 10 µm was prepared by grooved rolling followed by annealing, which completely eliminated residual strain. Before cold wire drawing, annealing at 673 K for 60 min in a nitrogen atmosphere was conducted to homogenize the solute and microstructure. Multipass wire drawing was carried out with lubrication at room temperature to achieve area reduction. The equivalent strain in wire drawing is defined as 
where S 0 and S n are the cross-sectional areas of the initial rod and the drawn rod after n passes, respectively. Table 2 shows a summary of the pass schedules, equivalent strains, ¾ WD and resultant wire diameters in the present wire drawing. The diameter of the initial rod was 7.7 mm, and the smallest diameter achieved after 23 passes was 0.21 mm; thus, the maximum total area reduction was 99.93%, which corresponded to a total equivalent strain of 7.2.
Draw bending was performed to induce plastic deformation in the final step of the CBD process. In Fig. 1 , the design and arrangement of the draw-bending die are shown, which are the same as those used in our previous study.
12 ) The shaft has a groove that fits the diameter of the wire to ensure the smooth flow of the wire during draw bending, eliminating tilting or twisting. The true bending strain ¾ bending was estimated using the equation 14) ¾
where R n is the radius of curvature at the neutral plane of the wire specimen (R n = 0.84 mm), and d a and d b are the radii of the wire specimen after and before draw bending, respectively. The equivalent ¾ bending during draw bending was 0.23, which was selected to obtain the optimum strength-ductility balance from the result of our previous study.
12 ) The drawbending conditions are shown in Table 3 . The wire was drawn in the Y-direction at a relatively low speed of 1.66 mm/s. One feature of the rotary draw-bending die is that the rotational direction and angular velocity of the shaft can be controlled. Note that, at an angular velocity of 11.12 rad/s and a drawing speed of 1.66 mm/s, the velocity ratio is 1.0. Hence, when the velocity ratio exceeds 1.0, the wire is driven by the rotating shaft. Figure 2 shows a schematic of the preparation of the dumbbell-type specimens used in the tensile test by mechanical polishing and electrochemical polishing. To obtain detailed mechanical properties of the CBD specimens, wire specimens were prepared by mechanical polishing and divided into two parts by the neutral plane of a bend (as shown in Figs. 2(a) and 2(b) ). To remove the mechanical polishing layer and produce the shape of the simple dumbbell-type specimens, the electrochemical polishing was carried out in phosphoric acid aqueous solution (as shown in Fig. 2(c) ). The thin wire specimens were subjected to electrochemical polishing at 1 V for 10 s by placing on SUS tube (º = 3.0 mm and L = 6.0 mm) in the cathode. The simple dumbbell-type specimens were prepared from 20-mm-long straight wires and their mechanical properties were then measured. A tensile test was carried out on the specimens at a nominal strain rate of 3 © 10 ¹3 s ¹1 at room temperature after wire drawing and the CBD process. The strength of the wire specimens was measured using an Instron-type testing machine with cord and yarn grips, which prevented jaw breaks in the specimens. Wire elongation was measured using a video extensometer with two foam polystyrene spheres containing slits as markers. The initial gauge length was 4 mm.
Evaluation method
The cross sections and longitudinal sections of the wire specimens were subjected to ion beam polishing at 4.5 kV for 8 h in an argon gas atmosphere. After that, the microstructural and crystallographic features of the wire specimens after wire drawing and the CBD process were determined by electron backscatter diffraction (EBSD) analysis using a field-emission-type scanning electron microscopy (FE-SEM) system operated at 25 kV and equipped with a TSL orientation imaging microscopy system. The microstructures of the specimens subjected to wire drawing and the CBD process were measured using 15 µm © 15 µm and 25 µm © 10 µm mapping areas on the cross section and longitudinal section with a scan pitch of 0.1 nm to obtain reliable texture data, respectively.
Dislocation substructures in grains were observed by scanning transmission electron microscopy (STEM) at 200 kV. Thin foils with a thickness of approximately 0.08 µm were prepared for STEM using a focused ion beam (FIB), and edge sections of the inside and outside of the bend perpendicular to the drawing direction were observed. Figure 3 shows the nominal stressstrain curves for wire specimens processed at various velocity ratios. The ultimate tensile strength (UTS) and 0.1% proof stress were approximately 750 and 530 MPa, respectively, which were the same for all the wire specimens subjected to the CBD process. The UTS and 0.1% proof stress of the CBD specimens were almost 40 and 150 MPa lower than those of the wire-drawn specimen, respectively. The total elongation of the CBD specimen processed at a velocity ratio of 3.0 was 3.6%. These mechanical properties were the same as those reported in our previous study. 14) Figure 4 shows the nominal stressstrain curves for the wire specimens separated into the (a) inside and (b) outside of the bend. The UTS and 0.1% proof stress on the inside of the bend of the CBD specimens were decreased by draw bending, reaching approximately 510 and 390 MPa at velocity ratios of 1.0 and 3.0, respectively, which are about two-thirds of those of the wire drawn specimen. On the other hand, the UTS and 0.1% proof stress on the outside of the bend were only slightly decreased, reaching approximately 680 and 550 MPa, respectively. Regarding the decrease in 0.1% proof stress, it is considered that the additional shear strain layer 15, 16) generated beneath the surface layer of the wire specimens is removed. When the UTS and 0.1% proof stress on the inside and outside of the bend of the CBD specimens were compared at various velocity ratios, it was concluded that the inside of the bend softened more markedly than the outside. The total elongation on the inside of the bend of the CBD specimens increased to 1.6% (velocity ratio of ¹1.0) and 1.8% (velocity ratio of 3.0), which were about 1.5 times greater than that of the wire-drawn specimen. The total elongation on the outside of the bend slightly increased, reaching approximately 1.3% at various velocity ratios. Figure 5 shows boundary maps of a wire-drawn specimen and a CBD specimen at the center and edge of each specimen on a longitudinal section. Boundaries with misorientation angles ranging from 2 to 15°are considered to be low-angle grain boundaries (LAGBs), and those with misorientation angles larger than 15°are considered to be high-angle boundaries (HAGBs); those with misorientation angles of less than 2°are disregarded to eliminate the inaccuracy in the EBSD measurement and analysis. Grains were observed to be elongated parallel to the drawing direction in the wire-drawn specimen and CBD specimen. Hardly any grain refinement was observed on the inside and outside of the CBD specimen under this experimental condition, as shown Figs. 5(b) and 5(d). Figure 6 shows inverse pole figure maps of the wire-drawn specimen and CBD specimens obtained at the center and edge of the specimens on the cross section. The wire-drawn specimen and CBD specimens exhibited a distinct texture composed of grains in the h001i and h111i directions at their center, which is a typical drawing texture component of f.c.c. metals. 17, 18) The texture of grains in the h001i and h111i directions changed at the edge of the wire-drawn specimen. From this change at the edge of the wire drawn specimen, it was clarified that shear stress was induced by wire drawing. 15, 16) On the other hand, the inside and outside of the bend were found to exhibit a larger change in texture at the edge of the CBD specimens than at the edge of the wiredrawn specimen, especially at a velocity ratio of 3.0. The texture at the edge of the CBD specimens was quantitatively evaluated using the Taylor factor. The Taylor factors on the inside of the bend of the CBD specimens were 3.174 and 3.140 at velocity ratios of ¹1.0 and 3.0, respectively. Additionally, the Taylor factors on the outside of the bend of the CBD specimens were 3.231 and 3.302 at velocity ratios of ¹1.0 and 3.0, respectively. The Taylor factor had decreased on the inside of the bend of the CBD specimen even though it was subjected to draw bending. In particular, it can be considered that a peculiar change in the texture occurred on the inside of the bend when the rotating speed of the shaft was increased.
Results
Mechanical properties
Macroscopic observation of metallographic structure during CBD
From boundary map of the same area as that shown in Fig. 6 , the area of crystal grains was defined as the area enclosed by HAGBs, and the mean distance between HAGBs was defined as the mean grain size. The mean grain size of the wire drawn specimen measured in the cross-sectional area was 0.145 µm. On the inside of the bend of the specimens processed at various velocity ratios, the mean grain size ranged from 0.164 to 0.182 µm. The mean grain size increased with increasing rotational speed when the shaft rotated in the positive direction, i.e., in the drawing direction. On the outside of the bend, the grain size increased slightly, ranging from 0.155 to 0.162 µm. Such grain growth may be due to the rotation of the metallic crystal induced by the load stress during draw bending.
The changes in the number fraction of HAGBs on the inside and outside of the bend at various velocity ratios on the cross section are summarized in Fig. 7 . The number fraction of HAGBs on the inside of the bend was less than that of the wire-drawn specimen, reaching a minimum of 0.727 at a velocity ratio of 3.0. However, the number fraction of HAGBs on the outside of the bend was higher than that of the wire-drawn specimen, reaching a maximum of 0.823 at a velocity ratio of 3.0. On the inside and outside of the CBD specimens, it can be considered that the change in the number fraction of HAGBs is affected by the load stress and strain during draw bending. The change in the metallographic structure is considered in section 4.2 on the basis of the continuum mechanics in the CBD process.
Microstructure evaluation under STEM
Micrographs of the wire specimens after wire drawing obtained by STEM on the cross section are shown in Fig. 8 . The wire-drawn specimen [ Fig. 8(a) ] formed ultrafine grains with dislocation substructures because a large equivalent drawing strain of 7.2 was introduced by cold-wire drawing. When subsequent draw bending was performed on the wiredrawn specimen, it was observed that the CBD specimens had dislocation substructures inside their grains as shown in 19, 20) However, the CBD process in the present study was performed at room temperature, and the temperature of the CuSn wire increased during the CBD process. Therefore, no deformation twins were observed on the wire-drawn specimen and CBD specimens.
Discussion
Changes in mechanical properties
In this section, we discuss the cause of the changes in the mechanical properties on the inside and outside of the bend. Kamikawa et al. 21) reported that the strength mechanism of UFG metallic materials can be regarded as a combination of grain refinement and dislocation strengthening, and that the 0.1% proof stress is strongly affected by dislocation strengthening. Figure 9 shows the relationships between the 0.1% proof stress and mean grain size on the inside and outside of the bend. The short dashed line in Fig. 9 shows the Hall-Petch equation for CuSn alloy wire specimens, and the relationship between the large grains of the CuSn alloy wire specimens and the Hall-Petch equation shows good agreement. 22) However, the 0.1% proof stresses on the inside and outside of the bend do not correspond to the dashed line in Fig. 9 . This is considered to be due to dislocation strengthening, as shown by Kamikawa et al. 21) Moreover, the 0.1% proof stress of the CBD specimens, particularly on the inside of the bend, is markedly lower than that of the wire-drawn specimen, although the change in grain size is very small. This marked decrease might be related to the change in the dislocation structure of the grains. If draw bending is performed on a wire-drawn specimen, it can be considered that the dislocations generated by the tensile stress field produced during wire drawing are relaxed by the reversed stress induced during draw bending.
Change in microstructure during CBD process
In this section, we discuss the change in the microstructure during the CBD process, particularly the change in the dislocation motion and the stress state of dislocations in ultrafine grains.
Only the plastic hysteresis in draw bending was clarified using FEM analysis by Tokutomi et al. 14) However, it is necessary to consider the plastic hysteresis because that of the CBD process has not yet been clarified. Since a large equivalent drawing strain of 7.2 is applied during wire drawing, it can be considered that a tensile stress field is formed in the longitudinal direction of the wire specimen. When draw bending is applied to the wire-drawn specimen, continuous reverse loading is applied to the UFGs produced during wire drawing, as shown in Fig. 10 , such as on the inside and outside of the bend, where reverse loading is applied twice and once, respectively. Next, the change in the microstructure based on the continuum mechanics in Fig. 10 , particularly the change in the dislocation motion and UFGs, is considered. Since a large equivalent drawing strain of 7.2 is applied during cold wire drawing, it can be considered that the UFGs of the wire drawn specimen are bound very strongly to each other. Therefore, it is considered that little rotation of the UFGs occurs on the cross section and longitudinal section, as shown in Figs. 5 and 6, even if draw bending is applied to the wire-drawn specimen. Figure 11 shows schematic illustrations of dislocation motion during the CBD process. The evolution of the microstructure induced by wire drawing was clarified by Hanazaki et al., 10) who reported that a large number of HAGBs are newly introduced in annealed grains by wire drawing. From their study, it can be deduced that tensile stress is continuously exerted in the drawing direction, which means that the dislocations in a grain have an elastic stress field in the tensile direction or in the drawing direction. Regarding the inside of the bend in the bending range, when new dislocations generated by the compressive stress of the first reverse loading encounter dislocations generated by tension during wire drawing, it can be considered that the compressive stress eases the elastic tensile stress field of the dislocations produced during wire drawing in the bending range. In the rebending range, tensile stress is applied to the stress state of dislocations in the bending range during the second reverse loading. Consequently, the rearrangement of dislocations may be induced by this tensile stress. From the results, it can be considered that the stress field on the inside of the bend after draw bending is eased more effectively than that of the wire-drawn specimen. On the other hand, tensile stress is continuously applied in the bending range, which means that the dislocation substructure and stress state produced by wire drawing are strengthened. However, although tensile stress is continuously applied in the rebending range, the stress field of dislocations is slightly eased since the stress vector indicates the compression direction. Such structural evolution is thought to be a result of the Bauschinger effect. Brown proposed that the mechanical properties change similarly to the Bauschinger effect, which is induced by the orientation of dislocation motion. 23) It is interesting to note that the Bauschinger effect is induced by not only elastic deformation but also plastic deformation in the CBD process.
Conclusions
The changes in the mechanical properties on the inside and outside of the bend of wire specimens were clarified, and the relationship between the changes in the misorientation of substructures and in the mechanical properties was systematically investigated. The main conclusions of this study are summarized as follows.
(1) The UTS and 0.1% proof stress on the inside of the bend of the specimens were decreased by the CBD process, reaching approximately 510 and 390 MPa, respectively, at a velocity ratio of 3.0, which are twothirds of those of the wire-drawn specimen. The UTS and 0.1% proof stress on the outside of the bend were only slightly decreased, reaching approximately 680 and 550 MPa, respectively. The inside of the bend softened more than the outside of the bend. At the same time, the total elongation on the inside of the bend increased. (2) The wire-drawn specimen and CBD specimens exhibited a distinct texture composed of grains in the h001i and h111i directions at their center, which is a typical drawing texture component of f.c.c metals.
The texture of grains in the h001i and h111i directions changed at the edge of the wire drawn specimen, and the inside and outside of the bend were found to exhibit a larger change in texture than the edge of the wiredrawn specimen. From our observation, the number fractions of HAGBs on the inside and outside of the bend were 0.723 and 0.827 at a velocity ratio of 3.0, respectively. Compared with the number fractions of HAGBs of the wire-drawn specimen, that on the inside of the bend was smaller, and that on the outside of the bend was larger.
(3) We investigated the cause of the changes in the mechanical properties, particularly the relationship between the 0.1% proof stress and the mean grain size on the inside and outside of the bend. The 0.1% proof stress decreased markedly, although the change in grain size was very small. If draw bending is performed on a wire-drawn specimen, it is considered that the dislocations produced by the tensile stress field generated during wire drawing are relaxed by the compression stress induced during draw bending, which explains the decrease in the 0.1% proof stress on the inside of the bend.
